Mutations in the Ras oncogene are one of the most frequent events in human cancer. Although Ras regulates numerous growth-promoting pathways to drive transformation, it can paradoxically promote an irreversible cell cycle arrest known as oncogene-induced senescence. Although senescence has clearly been implicated as a major defense mechanism against tumorigenesis, the mechanisms by which Ras can promote such a senescent phenotype remain poorly defined. We have shown recently that the Ras death effector NORE1A plays a critical role in promoting Ras-induced senescence and connects Ras to the regulation of the p53 tumor suppressor. We now show that NORE1A also connects Ras to the regulation of a second major prosenescent tumor suppressor, the retinoblastoma (Rb) protein. We show that Ras induces the formation of a complex between NORE1A and the phosphatase PP1A, promoting the activation of the Rb tumor suppressor by dephosphorylation. Furthermore, suppression of Rb reduces NORE1A senescence activity. These results, together with our previous findings, suggest that NORE1A acts as a critical tumor suppressor node, linking Ras to both the p53 and the Rb pathways to drive senescence. . 2 The abbreviations used are: Rb, retinoblastoma protein; MEF, mouse embryonic fibroblast; RASSF, Ras association domain family.
Ras mutations are the most frequent oncogenic events in human cancer and can be found in ϳ30% of all human cancers (1) . In experimental systems, activated forms of Ras can be powerfully transforming, and transgenic animal models have validated the role of Ras activation in tumorigenesis (2, 3) . However, despite the extensive evidence linking Ras to transformation and tumor development, activated Ras can also promote a state of irreversible cell cycle arrest called oncogeneinduced senescence (4, 5) . This tendency for deregulated Ras activity to provoke senescence can be observed in Ras-driven tumors (6) . It appears that senescence provides a potent barrier to suppress the development of Ras-driven cancer because malignant tumors lose the senescence phenotype (6) . The exact mechanisms by which Ras can promote senescence are not completely understood, but it appears that the main Ras senescence pathways involve the p53 and retinoblastoma (Rb) 2 tumor suppressors (7) . Initial evidence in mouse embryonic fibroblasts (MEFs) suggests that loss of functional p53 or Rb pathways alone is sufficient for Ras to bypass senescence (5) . More recent studies have shown that, in vivo, suppression of p53 function (8) or Rb (9) enhances Ras-mediated transformation in murine systems. However, human systems may require inactivation of both p53 and Rb for full senescence evasion (10) . Therefore, inactivation of the p53 and Rb senescence pathways may be essential for Ras-induced transformation.
In addition to the classic trio of growth-promoting Ras effector proteins, Raf, PI3K, and RalGDS, Ras also interacts with growth-suppressing effector proteins, including NORE1A (RASSF5) (11, 12) . NORE1A is a member of the RASSF family of tumor suppressors that is frequently down-regulated during tumor development, and its inactivation has been linked to a rare familial cancer syndrome (13) (14) (15) . NORE1A binds directly to Ras (16) and is thought to act as a scaffolding protein because it lacks any apparent enzymatic activity. NORE1A connects Ras to the proapoptotic Hippo pathway (16) and has apoptotic properties (17) . NORE1A Ϫ/Ϫ MEFs are predisposed to Rasinduced transformation, unlike wild-type MEFs, which require inactivation of p53 or Rb to allow transformation by Ras (18) . Furthermore, up-regulation of Ras activity in primary tumors is often correlated with inactivation of NORE1A (14, 19) . Therefore, NORE1A may act as an important barrier against aberrant Ras signaling, and loss of NORE1A allows Ras to circumvent its own growth-inhibitory properties, shifting Ras toward transformation (20) .
We have shown recently that NORE1A is a powerful Ras senescence effector that acts via p53 (20) . However, although we found that NORE1A-induced senescence is heavily dependent upon p53, we noticed that NORE1A retained some senescence-inducing activity even when nearly all detectable p53 had been eliminated from the system (20) . This suggested that additional mechanisms are required for the effects of NORE1A on senescence to manifest fully.
In addition to p53, Ras can promote senescence by activating the Rb pathway. The Rb gene was the first tumor suppressor gene identified and was initially linked to the formation of rare cases of pediatric tumors of the retina called retinoblastoma (21) (22) (23) . Subsequent studies have identified alterations in the Rb gene or inactivation of the Rb protein in a variety of human cancers (24, 25) , and it is now widely accepted that the inactivation of the Rb protein may be one of the most frequent events in cancer (26) . In addition to its important function in regulating the cell cycle, Rb has critical functions in other biological processes, including chromosomal stability, regulation of apoptosis, and oncogene-induced senescence (5, 27, 28) . Moreover, inactivation of Rb in vitro or in vivo suppresses Ras-induced senescence (5, 9) . However, although it appears that Ras activates senescence in part via Rb, exactly how Ras modulates Rb activity remains unclear.
Rb regulation is complex and involves both inhibitory phosphorylation and activating dephosphorylation events. Although the mechanisms of Rb phosphorylation by cyclin-dependent kinases are well characterized (29) , the processes that activate Rb by dephosphorylation remain less so. Recent reports have shown that the phosphatases PP1 and PP2A play important roles in the mammalian cell cycle (30 -32) . Moreover, it has been shown that PP1 phosphatases can act on Rb to promote the formation of the active, hypophosphorylated form of the protein (33, 34) . Intriguingly, PP1A enzymatic activity can be regulated by Ras (35) . Therefore, PP1A might serve as the link between Ras and Rb, and Ras may, in part, promote senescence by activating PP1A, thereby promoting the dephosphorylation and activation of Rb (36) . Exactly how Ras stimulates the activity of PP1A toward Rb remains obscure.
PP1A, a key regulator of Rb activity, has been detected in complex with NORE1A in a yeast two-hybrid system (37) , and, because we have recently established that NORE1A-mediated, Ras-induced senescence is only partly driven by p53, we sought to determine whether NORE1A could also be modulating senescence by regulating Rb function. We now show that NORE1A regulates the dephosphorylation of Rb by forming an endogenous Ras-regulated complex with PP1A, scaffolding it to Rb and enhancing the Rb-PP1A complex. Moreover, suppression of Rb suppresses NORE1A-induced senescence. Therefore, we now identify a powerful new mechanism by which Ras can induce senescence via regulating the phosphorylation status of Rb. Therefore NORE1A acts as a critical node, linking Ras to both p53 and Rb. This may explain why Ras-driven tumors often exhibit reduced NORE1A expression (19) .
Experimental Procedures
Plasmids-The human Rb expression construct (pGS5L-HA-Rb) was obtained from Addgene (plasmid 10720) (38) and digested with BamHI/NheI and NheI/EcoRI in two separate digests to generate 1.9-and 0.8-kb fragments, respectively. The two fragments were cloned into pEGFP-C1 (Clontech, Paolo Alto, CA) digested with BglII/EcoR1 to generate a GFP-tagged, full-length Rb expression construct. pcDNA-HA, KATE, GFP, and FLAG-NORE1A have been described previously (20, 39) . KATE-tagged H-and K-Ras12V were generated by subcloning a BamHI fragment from pCGN-H-and K-Ras12V into pmKate2C (Evrogen, Moscow, Russia). shRNAs for human NORE1A have been described previously (20) . pEGFP-(C1)-PP1A, pLKO-Rb1-shRNA-19, and pLKO-Rb1-shRNA-63 were purchased from Addgene (plasmids 44224, 25640, and 25641, respectively) (40, 41) .
Tissue Culture and Transfections-HEK-293, HEK-293T, A549, HepG2, and COS-7 cells were obtained from the ATCC and grown in DMEM supplemented with 10% fetal bovine serum (Valley Biologicals) and 1% penicillin/streptomycin (Corning). NCI-H1299 cells stably expressing NORE1A have been described previously (42) and were cultured in RPMI medium. Wild-type and Rb Ϫ/Ϫ MEFs were provided by B. Clem (University of Louisville). HEBEC-3KT Ϫ/ϩ NORE1A cells were grown as described previously (20) . Cells were grown in a 5% CO 2 humidified incubator at 37°C. Transient transfections were performed using jetPRIME (Polyplus, Illkirch, France) or Lipofectamine 3000 as described by the manufacturers. siRNA transfections were performed using DharmaFECT TM transfection reagent according to the protocol of the manufacturer (Dharmacon, Lafayette, CO), with final concentrations of 25 nM control (catalog no. sc-37007) or PP1A (catalog no. 36299) siRNA (Santa Cruz Biotechnology). For siRNA transfection experiments, cells were transfected with siRNA 24 h prior to transfection with expression constructs. Cycloheximide (Sigma) treatments were performed 24 h after transfection at a concentration of 20 g/ml.
Immunoprecipitation and Western Blotting Analysis-Total cell lysates were prepared by harvesting the cells in modified radioimmune precipitation assay buffer (150 mM Tris (pH 7.5), 150 mM NaCl, and 1% Nonidet P-40) supplemented with a protease inhibitor mixture (Sigma) and 1 mM sodium orthovanadate. Immunoprecipitations were performed using GFP-conjugated Sepharose beads (Allele Biotechnology, San Diego, CA). FLAG and ␤-Actin antibodies were obtained from Sigma, anti-HA antibody from Covance, anti-GFP and anti-PP1A (catalog no. sc-6104) antibodies from Santa Cruz Biotechnology, and anti-RFP antibody from Evrogen. Phospho-Rb-Ser-795 (catalog no. 9301) and total Rb (catalog no. 9309) antibodies were purchased from Cell Signaling Technology (Boston, MA). Rabbit polyclonal NORE1A antibodies have been described previously (20) . HRP-conjugated Trueblot secondary antibodies were purchased from eBioscience (San Diego, CA), and Western blotting analyses were developed using the West Pico or West Femto enhanced ECL detection system (Thermo Scientific, Rockford, IL). All Western blotting and immunoprecipitation experiments were repeated twice.
Luciferase Assays-Luciferase assays were performed in triplicate using the LightSwitch TM luciferase assay kit with a corresponding IL-6 promoter construct (stock keeping unit S721728) generated by Active Motif (Carlsbad, CA). Cells were transfected 48 h before lysis, and data were acquired using a Lumat LB 9507 from Berthold Technologies (Oak Ridge, TN).
Image Acquisition and Processing-A Pharos FX plus molecular imager (Bio-Rad, Hercules, CA) was used to digitize images prior to quantification using Quantity One software (Bio-Rad).
Figures were compiled using Photoshop software (Adobe).
Immunofluorescence-Fluorescence microscopy was performed on cells grown in glass-bottom dishes (MatTek Corp., Ashland, MA), and images were captured with an Olympus IX50-FLA inverted fluorescent microscope (Optical Elements Corp., Dulles, VA) with an attached SPOT Junior digital camera (Diagnostic Instruments Inc., Sterling Heights, MI).
Senescence Assays-MEFs or A549 cells were transfected using Lipofectamine 3000 and incubated for 72 h. Senescence was measured by staining the cells for ␤-galactosidase using a BioVision kit (BioVision, Milpitas, CA) as described by the manufacturer. Representative images of ␤-gal-positive cells and NORE1A expression measured by GFP were taken using an Olympus IX50 inverted microscope and a SPOT camera. All senescence assays were repeated twice in duplicate.
Statistical Analysis-Data are reported as mean Ϯ S.D. Differences between treatment groups were tested using a twosided Student's t test as appropriate. Data were considered statistically significant when p Յ 0.05.
Results

NORE1A Forms an Endogenous, Ras-regulated Complex with
PP1A-NORE1A is localized primarily to the nucleus (20) and has been observed to shuttle between the cytoplasmic and nuclear cell fractions (43) . However, the localization pattern of PP1A is more complex. PP1A exhibits diffuse expression in the cytoplasm and the nucleoplasm but also accumulates in unidentified nuclear bodies (41) . Because NORE1A also occurs in nuclear speckles, we determined whether NORE1A and PP1A co-localized in mammalian cells using transient transfections of the fluorescently tagged proteins. We found that, in cells expressing both PP1A and NORE1A, ϳ55% of the cells contained a pool of PP1A specifically co-localized with NORE1A in the nucleus. A representative image is shown in Fig. 1A . To determine whether NORE1A and PP1A can be found in a complex, we performed co-immunoprecipitations in HEK-293T cells co-transfected with NORE1A and PP1A in the presence or absence of activated Ras. We found that NORE1A does complex with PP1A. Furthermore, the results show that the interaction of NORE1A and PP1A is enhanced significantly in the presence of activated Ras (Fig. 1B) . Further analysis confirmed that endogenous NORE1A could be co-immunoprecipitated with endogenous PP1A from the HepG2 human liver hepatocellular carcinoma cell line, which contains an activated Ras (44) (Fig. 1C ), suggesting that the NORE1A/PP1A interaction is physiologically relevant.
Ras/NORE1A Stabilize PP1A-Although studying the effects of Ras on the NORE1A/PP1A interaction, we observed an increase in the levels of PP1A in whole cell lysates in the presence of Ras and NORE1A. We hypothesized that Ras/NORE1A could be promoting PP1A stability. To address this, we analyzed the effects of NORE1A and Ras on PP1A protein stability by using cycloheximide treatment after transient transfections in HEK-293 cells. The experiment was repeated three times, and a representative blot is shown in Fig. 2A . Although the results show that Ras or NORE1A individually did not seem to promote the stability of PP1A, the presence of both Ras and NORE1A together lead to a statistically significant (p Ͻ 0.05) increase in PP1A expression, even 24 h after cycloheximide treatment ( Fig. 2B ). To confirm these results on endogenous PP1A, we analyzed the expression of endogenous PP1A in HBEC-3KT cells stably knocked down for NORE1A in the presence of activated Ras (20) and found that PP1A levels were decreased in the NORE1A knockdown cells compared with control cells (Fig. 2C ). Therefore, it seems that Ras and NORE1A cooperate to promote PP1A stability.
NORE1A Complexes with Rb and Cooperates with Ras to Scaffold PP1A to Rb-PP1A is a phosphatase that binds to Rb and modulates its activity by dephosphorylation (45) . Because we established an endogenous interaction between NORE1A and PP1A, it was plausible that NORE1A could be found in a complex with Rb. We co-transfected HEK-293T cells with NORE1A and Rb in the presence and absence of activated Ras and found that NORE1A co-immunoprecipitated with overexpressed Rb and that this interaction was enhanced in the presence of Ras. A representative blot is shown in Fig. 3A , and quantitation of three independent experiments is shown in Fig. 3B . To confirm that the NORE1A/Rb interaction is physiologically relevant, we analyzed the same immunoprecipitates described in Fig. 1C for the presence of Rb and found that NORE1A and Rb do indeed interact endogenously (Fig. 3C ), although weakly, suggesting that their interaction may be transient or cell cycle-dependent.
NORE1A is a tumor suppressor that is thought to act as a scaffolding molecule because it has no apparent enzymatic FIGURE 1. NORE1A forms an endogenous, Ras-regulated complex with PP1A. A, exogenously expressed NORE1A and PP1A co-localize in the nucleus. COS-7 cells were transfected with GFP-PP1A in the presence or absence of KATE-NORE1A. A pool of GFP-PP1A co-localized with RFP-NORE1A within the nuclei. B, activated Ras enhances the interaction between NORE1A and PP1A. HEK-293T cells were co-transfected with expression constructs for PP1A, NORE1A, and activated H-or K-Ras for 24 h and lysed, and equal amounts of protein were immunoprecipitated (IP) with anti-GFP. The immunoprecipitates were analyzed by Western blotting with anti-HA and anti-GFP antibodies. IB, immunoblot. C, NORE1A and PP1A are found in an endogenous complex. HepG2 cells were immunoprecipitated for NORE1A and immunoblotted for PP1A. IgG incubated with HepG2 lysate and Ig/NORE1A antibody incubated with lysis buffer served as negative controls. Asterisk, nonspecific IgG band.
activity (14, 39, 42) . We recently identified a Ras-mediated mechanism by which NORE1A scaffolds HIPK2 to p53 to promote the prosenescent functions of p53 (20) . Therefore, a similar mechanism may be occurring here where NORE1A acts to scaffold PP1A onto Rb in a Ras-dependent manner. To test this, we transfected HEK-293T cells with Rb and PP1A in the presence and absence of NORE1A and activated Ras and examined the effects of Ras and NORE1A on complex formation between PP1A and Rb. The results show that the Rb-PP1A complex is enhanced by NORE1A and that this effect is increased further in the presence of activated Ras. A representative blot is shown in Fig. 3D , and quantification of three independent experiments is shown in Fig. 3E . Exactly how Ras facilitates the interaction between NORE1A and PP1A and Rb is not entirely clear. How-ever, binding of Ras to NORE1A induces a conformational change (46) , and this may promote the interaction between NORE1A and its binding partners.
NORE1A Promotes the Dephosphorylation of Rb at Serine 795-The activity of Rb is primarily regulated by its phosphorylation status at several Ser/Thr residues, and Rb can be activated when Ser/Thr phosphatases promote its dephosphorylation (29) . Because NORE1A forms an endogenous complex with PP1A, a key mediator of Rb dephosphorylation, and scaffolds it to Rb, we sought to determine whether NORE1A could promote the dephosphorylation of Rb. By using a phosphospecific antibody to Ser-795, a residue known to be regulated in part by PP1A (47), as a surrogate marker for the effects of PP1A on Rb, we examined the effects of NORE1A on Rb phosphory-FIGURE 2. Ras/NORE1A stabilizes PP1A. A, HEK-293 cells were transfected with PP1A, NORE1A, and activated H-Ras expression constructs for 24 h. The cells were treated with cycloheximide (20 g/ml) and lysed at the indicated times after addition of cycloheximide. Levels of PP1A protein were measured by Western blotting analysis. Shown is a representative blot of three independent experiments. IB, immunoblot. B, the density of the bands was quantitated using ImageJ software, and relative PP1A expression was calculated after normalizing to ␤-Actin expression. No significant difference in PP1A expression levels was found in cells transfected with NORE1A or Ras individually. However, in cells transfected with both NORE1A and Ras, there was a significant increase in the levels of PP1A. C, HBEC-3KT cells stably knocked down for NORE1A were induced to express activated Ras. 3 days after induction, cell lysates were prepared and analyzed for PP1A expression by Western blotting analysis.
lation. In transient transfections of A549 cells (a mutant K-Ras, NORE1A-negative, p53-positive lung tumor cell line (48)), we observed that NORE1A decreased the phosphorylation of endogenous Rb at serine 795 (Fig. 4A ). In addition, we examined the phosphorylation status of endogenous Rb in NCI-H1299 lung cancer cells (mutant Ras-positive, NORE1A-negative, p53-negative (49)) stably expressing exogenous NORE1A at more physiological levels (42) and found similar results (Fig.  4B) . To confirm the link between NORE1A and Rb phosphorylation, we transiently knocked down NORE1A in HEK-293 cells using two previously validated shRNA constructs to NORE1A (20) and found that loss of NORE1A enhanced the phosphorylation of Rb at serine 795 ( Fig. 4C ). Therefore, it seems that NORE1A may be a crucial mediator of Rb function by regulating its phosphorylation status.
Rb Is a Downstream Effector of NORE1A-induced Senescence-We have shown recently that NORE1A is a critical Ras senescence effector that acts by forming a Ras-regulated complex with p53 (20) . However, although suppression of p53 strongly impaired the NORE1A senescence phenotype, we FIGURE 3. NORE1A complexes with Rb and cooperates with Ras to scaffold PP1A to Rb. A and B, NORE1A forms a Ras-regulated complex with Rb. HEK-293T cells were co-transfected with expression constructs for Rb, NORE1A, and activated H-Ras for 24 h, lysed, and immunoprecipitated (IP) with anti-GFP. The immunoprecipitates were analyzed by Western blotting with anti-HA and anti-GFP antibodies. The blots were quantitated densitometrically using ImageJ software, and the amount of NORE1A bound to the immunoprecipitated Rb was determined after normalization to the NORE1A input levels. *, p Ͻ 0.05 compared with NORE1A alone. IB, immunoblot. C, NORE1A forms an endogenous complex with Rb. The HepG2 immunoprecipitates described in Fig. 1C were immunoblotted for the presence of Rb. D and E, Ras regulates the interaction between PP1A and Rb via NORE1A. HEK-293T cells were co-transfected with expression constructs for PP1A, Rb, NORE1A, and activated H-Ras. Cells were lysed and immunoprecipitated for GFP-PP1A, and the immunoprecipitates were analyzed by Western blotting with anti-HA, GFP, and FLAG antibodies. A representative blot is shown in D. E, the blots were quantified densitometrically to calculate the relative amount of Rb found in complex with PP1A after normalizing to the amount of Rb in the input. *, p Յ 0.05 compared with cells transfected with empty vector. **, p Յ 0.05 compared with cells transfected with either NORE1A or activated Ras alone.
found that it did not completely abolish it. This suggests that NORE1A may also be able to promote senescence via additional mechanisms. Because the Rb pathway is one of the most powerful effector pathways of Ras-induced senescence and because we have now shown that NORE1A can regulate the dephosphorylation of Rb, we sought to determine whether NORE1A can promote senescence through Rb in addition to p53. To address this, we transfected NORE1A into wild-type and Rb Ϫ/Ϫ MEFs and measured senescence by ␤-galactosidase activity, the most widely used and well accepted marker of senescence (6) . As we have shown previously, NORE1A induces senescence in wild-type MEFs, but, in the absence of Rb, the ability of NORE1A to induce senescence was almost abolished (Fig. 5, A  and B) . This suggests that NORE1A requires Rb to induce senescence in primary murine fibroblasts.
A459 is a human lung adenocarcinoma cell line that expresses wild-type p53 and Rb but not NORE1A (48) . To confirm the role of Rb in NORE1A-mediated senescence in human cells, we generated A549 cells that were knocked down for Rb using two different shRNAs to Rb. We then transiently transfected NORE1A into these cells and assayed senescence by ␤-galactosidase activity. As expected, NORE1A was able to promote senescence in cells stably transfected with the scrambled control, but its ability to drive senescence was severely, although not completely, suppressed in cells knocked down for Rb expression (Fig. 5, C and D) . To substantiate that the elevated levels of ␤-galactosidase staining observed in these cells was senescence-related, we measured the effects on IL-6 expression, an additional well established marker of senescence (6) . NORE1A induced a significant (p Ͻ 0.05) increase in IL-6 promoter activity in A549 cells that was abrogated in the absence of Rb (Fig. 5E ). Therefore, in addition to p53, NORE1A also appears to act via Rb to fully promote senescence.
PP1A-mediated Dephosphorylation of Rb Is Required for NORE1A-induced Senescence-We have established that NORE1A interacts with PP1A, enhances the complex formation of PP1A with Rb, promotes the dephosphorylation of Rb, and requires Rb for senescence. To fully substantiate that the NORE1A-mediated dephosphorylation of Rb by PP1A is required for NORE1A-induced senescence, we examined the ability of NORE1A to promote the dephosphorylation of Rb and promote senescence in the absence of PP1A. In the absence of PP1A, both NORE1A-mediated Rb dephosphorylation ( Fig.  6A ) and senescence (Fig. 6B) were impaired severely, confirming that dephosphorylation of Rb via PP1A is required for NORE1A-mediated senescence.
Discussion
Oncogenic Ras mutations are critical drivers of transformation via promotion of mitogenic signaling pathways (11) . Paradoxically, Ras also regulates growth-inhibitory pathways such as apoptosis and senescence (5, 50, 51) . Ras-induced senescence is a major defense mechanism suppressing Ras-driven transformation, and loss of functional senescence pathways is necessary for Ras to manifest its full transforming potential (6, 52) . Although recent studies have confirmed the significance of Ras-induced senescence in vivo, the mechanisms by which Ras can promote a senescent phenotype both in vitro and in vivo remain poorly defined (6, 53, 54) .
Two pathways that have been identified as key players in oncogene-induced senescence involve the p53 and Rb tumor suppressors. Early studies in primary rodent cells have suggested that loss of either the p53 or the Rb pathway was sufficient for Ras to bypass senescence and promote transformation (5) . In contrast, the loss of one of these pathways typically only delays the onset of senescence in human cells. Indeed, recent studies have shown that the activation of both the p53 and the suppresses Rb phosphorylation. A549 cells, which do not express NORE1A, were transiently transfected with GFP-NORE1A for 24 h. Cells were lysed and immunoblotted (IB) for Rb phosphorylated at serine 795 using a Ser-795specific antibody (A). NCI-H1299 cells stably expressing NORE1A or an empty vector were lysed and immunoblotted for phospho-Rb at serine 795 (B). Shown are representative blots of two independent experiments. C, loss of NORE1A enhances Rb phosphorylation. HEK-293 cells were transiently knocked down for NORE1A expression using two different shRNA constructs to NORE1A. Cells were lysed and immunoblotted for phospho-Rb at serine 795.
Rb pathways is essential for induction of senescence in a variety of human cell lines (5, 10, (55) (56) (57) . Furthermore, cross-talk between the p53 and Rb pathways could allow for additional protection against oncogenic Ras bypassing senescence and promoting tumorigenesis (7) . Until now, the link between Ras and the p53/Rb pathways and how this drives senescence have been unclear.
NORE1A (RASSF5) is a member of the RASSF family of tumor suppressors (14) . Like other members, it binds directly to Ras and serves as an effector to promote its growth-inhibitory properties (16, 17) . The best characterized member of the RASSF family is RASSF1A, which shares considerable homology with NORE1A. RASSF1A binds and activates MST kinases, which then feed into the Hippo pathway to regulate the transcriptional coactivators YAP1, YAP2, and TAZ. However, although NORE1A also binds MST kinases (16) , it does not seem to activate them (58) . Moreover, deletion mutagenesis has shown that the interaction of NORE1A with MST kinases is not required for its ability to inhibit cellular growth (48) . This suggests that NORE1A may function differently than RASSF1A and act via non-canonical Hippo components.
By inducing physiological expression levels of NORE1A in cells, we found that NORE1A plays a key role in p53-mediated cell cycle arrest (39) . This led us to determine that NORE1A is a potent senescence effector of Ras that precisely regulates the posttranslational modification code of p53 (20) . NORE1A forms a Ras-regulated complex with p53 and the kinase HIPK2. This scaffolding event is an essential component of Ras-in- duced senescence and results in the enhanced acetylation of p53 at the Lys-320 and Lys-382 residues. Acetylation of p53 at these residues activates prosenescent transcriptional programs (20, 59) . However, we noted that, although suppression of p53 severely reduced NORE1A-induced senescence, it did not completely abolish it (20) . Therefore, the role of NORE1A in Rasinduced senescence is likely more complex and may work through additional senescence pathways.
We hypothesized that NORE1A may also be able to promote senescence by regulating the Rb pathway, the other powerful senescence pathway mediating oncogene-induced senescence. Indeed, we found that loss of Rb in both MEFs and human cells suppressed the powerful senescence phenotype promoted by NORE1A. Interestingly, the suppression of either Rb or p53 alone in A549 cells did not completely inhibit NORE1A-induced senescence, consistent with the notion that human cells require the loss of both the p53 and Rb pathways to fully bypass senescence.
One of the main regulators of Rb activity is the PP1A phosphatase (60, 61) . PP1A has been implicated in Ras-induced senescence (36) , and Ras has been shown to control the catalytic activity of PP1A (35) . Because PP1A specificity is often controlled by targeting proteins (62), we wondered whether NORE1A might serve as a direct connection between Ras, PP1A, and Rb. We found that NORE1A forms an endogenous, Ras-regulated complex with the phosphatase PP1A. Because PP1A has been detected in complex with NORE1A in a yeast two-hybrid system, the interaction is likely to be direct (37) . Furthermore, we found that NORE1A appears to scaffold PP1A to Rb in a Ras-dependent manner because NORE1A could be co-precipitated with Rb and Ras/NORE1A enhanced the interaction between PP1A and Rb. The scaffolding of Rb to its phosphatase results in Rb dephosphorylation, a prosenescent event (63) . The exact mechanism by which Ras activates this NORE1A-PP1A-Rb axis is not entirely clear because Ras is found predominantly on the cell membrane, and the NORE1A-PP1A-Rb complex is located primarily in the nucleus. One possibility involves a Ras-induced conformational change of NORE1A (46) that enables it to interact with PP1A and/or Rb and then shuttle them as a complex into the nucleus via various nuclear transport proteins (64) . Another possible mechanism may involve additional Ras signaling pathways that act upon nuclear NORE1A to activate it, thereby inducing it to complex with PP1A and Rb. Interestingly, a pool of Ras has also been found to be located in the nucleus (65, 66) , raising the possibility that NORE1A/Ras stimulation of PP1A/Rb is entirely nuclear.
During these studies, we also noticed that NORE1A seems to modulate the stability of PP1A. Recent studies have shown that the ubiquitin ligase mdm2, a negative regulator of Rb that contributes to tumorigenesis in part by destabilizing Rb (67), can be found in an endogenous complex with PP1A (68), although the effects of mdm2 on PP1A stability have not been elucidated. Interestingly, NORE1A has been shown to regulate the degradation of specific mdm2 targets (69) . Therefore, NORE1A could be regulating PP1A stability through its interaction with mdm2, potentially by antagonizing the ubiquitination/degradation properties of mdm2.
PP1A is not an Rb-specific phosphatase and can regulate the functions of a variety of proteins in the cell by modulating their phosphorylation status. The specificity of PP1A for its various substrates is dictated by other targeting proteins (62) . Our data suggest that NORE1A may serve as a PP1A-targeting protein, directing PP1A to a specific set of substrates, such as Rb. This may provide a novel mechanism whereby NORE1A mediates its tumor suppressor function through modulating specific FIGURE 6. NORE1A-induced Rb dephosphorylation and senescence require PP1A. A, loss of PP1A impairs NORE1A-induced dephosphorylation of Rb. A549 cells were transiently knocked down for PP1A expression using a validated pool of PP1A siRNA. The cells were transfected with GFP-NORE1A and, 24 h later, lysed and immunoblotted (IB) for phospho-Rb at serine 795, Rb, PP1A, and NORE1A. B, PP1A is required for NORE1A-induced senescence. A549 cells were transiently knocked down for PP1A as described above and transfected with GFP-NORE1A. 72 h later, cells were assayed for ␤-galactosidase activity. *, p Յ 0.05 compared with control cells transfected with vector. **, p Յ 0.05 compared with si-Scrm cells transfected with NORE1A. Representative images of NORE1A expression and ␤-galactosidase staining are shown in the bottom panels.
protein phosphorylation. Further studies will be necessary to identify any additional NORE1A-targeted PP1A substrates.
Our data provide evidence that NORE1A provides a major link between Ras and Rb. Indeed, we can detect a faint but distinct endogenous complex between NORE1A and Rb in mutant Ras-containing cells. Activated Ras signaling promotes the association of PP1A to Rb via NORE1A, resulting in activation of Rb and senescence. In the absence of NORE1A, PP1A cannot effectively scaffold to Rb and activate it, resulting in senescence bypass and allowing the growth-promoting effects of aberrant Ras signaling to predominate. Therefore, NORE1A acts as a double-barreled Ras senescence effector that connects Ras to the two major senescence effectors in human cells, p53 (20) and Rb. This may explain why NORE1A is such a powerful senescence effector and why it is so frequently down-regulated during tumorigenesis (14) , particularly in tumors with up-regulated Ras activity (19) .
